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(57) Abstract 

Lantibiotics, such as nisin and subtil in, are peptides that are substantially modified post-translationally, such as by dehydration of 
serines and threonines and by formation of thioether crosslinkages. Lantibiotics are synthesized with a leader region that directs proper 
processing; this leader is specific both for the synthesizing organism and for the mature sequence. Chimeric lantibiotics were synthesized 
that contained the subtilin leader region and either a subtilin-nisin fusion or a nisin-subtilin fusion for the mature region. The nisin-subulin 
chimera was efficiently processed into a functional lantibiotic, but the subtilin-nisin fusion produced a heterogeneous mixture of products, 
none of which had the expected properties of a correctly process polypeptide. This mixture contained a minor component with a specific 
activity exceeding that of nisin itself. ^ 
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TITLE OF THE INVENTION 

LAHTIBIOTIC MUTANTS AND CHIMERAS OF ENHANCED STABILITY AND ACTIVITY 

This work was supported by National Institutes of Health 
grant AI24454. Therefore, the U.S. government may have certain 
rights in the present invention. 

BACKGROUND OF THE INVENTION 
Field of the Invention: 

The present invention concerns lantibiotic mutants and 
chimeras of enhanced stability and activity, leader sequences for 
such lantibiotic mutants and chimeras, genes encoding such 
lantibiotic mutants and chimeras (both with and without the 
leader sequences), and methods of producing and using the same. 

Discussion of the Background: 

Nisin (a 34-residue long peptide produced by Lactococcns 
lactis) and subtilin (a 32-residue long peptide produced by 
Bacillus subtilis) are the most thoroughly-studied examples of 
lantibiotics. Lantibiotics are ribosomally-synthesized 
antimicrobial peptides characterized by the presence of unusual 
lanthio and dehydro amino acid residues- The structures of nisin 
and subtilin are shown in Figure 1. Their biosynthesis involves 
several post- trans lational modifications; e.g., dehydration of 
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serines and threonines, formation of thioether crosslinkages 
between dehydro residues and cysteines, translocation, removal of 
a leader sequence, and/ or release of the mature antimicrobial 
peptide into the extracellular medium (reviewed in refs, 1-3 
below) . 

Gene-encoded antimicrobial peptides constitute a family of 
natural products whose known members are expanding rapidly in 
number and diversity, and are produced by many kinds of 
organisms, ranging from bacteria to eukaryotes, including mammals 
(1, 4-6). The ubiquity of anti-microbial peptides among widely 
diverged organisms implies that the peptides have been subject to 
many different strategies for achieving their antimicrobial 
properties, some of which are quite different from the properties 
and corresponding mechanisms of classical antibiotics such as 
penicillin* It may therefore be possible to supplement the 
arsenal of therapeutic antimicrobial agents that has been 
depleted as a result of the evolution of resistance among 
microbes . 

An advantage unique to gene-encoded antimicrobial peptides 
is that their structures can be readily manipulated by 
mutagenesis, which provides a facile means for constructing and 
producing the large numbers of structural analogs needed for 
structure-function studies and rational design. Whereas this 
advantage is shared by all gene-encoded antimicrobial peptides, 
the lantibiotics are unique in possessing the unusual dehydro and 
lanthio amino acid residues, which are absent from magainins (7- 
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9), defensins (10-13), or cecropins (14, 15)* This means that 
the lantibiotics offer chemical and physical properties, and 
hence biological activities, that are not attainable by 
polypeptides that lack these residues. 

For example, the dehydro residues (dehydroalanine, or "Dha," 
and dehydrobutyrine, or "Dhb") are electrophiles, whereas none of 
the 20 common natural amino acids is (^ertrophll^. The 
thioether crosslinkages of lantibiotics are more resistant to 
cleavage or breakage than the more common disulfide bridge of 
proteins lacking lanthio residues. For example, a thioether 
cross linkage can survive reducing conditions and extremes of pH 
and temperature better than a disulfide bridge (16) . 

A concern when making mutants of lantibiotics is the effect 
of the mutations on the post-trans lational modification process, 
because a mutation that disrupts processing makes the 
biosynthesis of the corresponding mature lantibiotic peptide 
impossible. All known lantibiotic prepeptides contain an N- 
terminal region that is cleaved during maturation. For the Type 
A lantibiotics (e.g. nisin, subtilin, epidermin) , this leader 
region is highly conserved (17) . Participation of the leader 
sequence in the orchestration of post-translational modification 
and secretion has been proposed (17, IB). 

Certain mutations in the leader region of the nisin 
prepeptide have rendered the cell incapable of nisin production 
(19), whereas many mutations in the structural region of several 
lantibiotics do not disrupt processing (e.g., U.S. application 
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Serial No. 07/981,525 and refs. 20 and 21)). When the complete 
nisin prepeptide consisting of the nisin leader region and the 
nisin structural region (l^-Nis^) was expressed in a subtilin- 
producing cell, no nisin-related peptide products were detectable 
(22, 23). However, when ^T^dmera> consisting of the s u^tj ^lin 
leader region and the nisin structural region (S L - Nis 1 . 34 ) was 
expressed in a subtil in-producing cell, an inactive nisin-like 
peptide was produced in which the leader region had been 
correctly cleaved and which contained a full complement of 
unusual amino acids (22) . The lack of activity was attributed to 
the formation of incorrect thioether crosslinkages (22) . 

Similarly, when a prepeptide consisting of a subtilin leader 
region and a nisin structural region was expressed in a nisin- 
producing cell, the nisin structural region contained the unusual 
amino acids, but the leader was not cleaved (24). It has also 
been reported that expression of a prepeptide consisting of the 
nisin structural region fused to a subtilin-nisin chimeric leader 
region, S LU _ 7) -N Mg . 23) -Nis tl . 34 , , forms active nisin when expressed in 
a subtilin-producing< cell (23). 

These results imply that subtilin processing strains such as 
B. subtills are not capable of recognizing the nisin prepeptide 
(which is ordinarily expressed in Lactococcus lactis) and 
converting it to nisin. However, the subtilin processing 
machinery will perform modification reactions on the nisin 
structural peptide if it is attached to a subtilin leader region, 
although the modifications seem to be misdirected so that active 
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nisin is not always produced. Finally, the subtilin processing 
machinery will produce active nisin if the leader region is an 
appropriate combination of subtilin leader and nisin leader 
sequences . 

5 Lantibiotics are known to be useful bacteriocides and food 

preservatives. Methods of producing lantibiotics are also known. 
Lantibiotics offer the advantages of peptide products, in that 
they are more easily digested, tolerated and/or secreted by 
humans , other mammals and other animals which may ingest the same 
10 than are some so-called "small molecule" preservatives. 

Therefore, a need is felt for new lantibiotics having improved 
chemical, physical and/or biological properties and for improved 
methods of producing the same. 

SUMMARY OF THE INVENTION 
15 The present invention concerns polynucleic acids which 

encode a chimeric or mutant lantibiotic of the formula: 

(leader) -(lantibiotic) 

where the leader is selected from the group consisting of the 
subtilin leader sequence, the nisin leader sequence, and chimeras 
20 of said subtilin leader sequence and said nisin leader sequence 
which permit production of an active lantibiotic in a 
lantibiotic-producing host, and the lantibiotic is a mutant or 
chimeric lantibiotic, preferably of subtilin and/ or nisin; 
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vectors and plasmids containing the same; tg ans f o CTtajyts 
containing the same, capable of expressing a prepeptide and/or 
biologically active peptide from the same; prepeptides encoded by 
the polynucleic acids; biologically active peptides expressed 
and/or processed by lantibiotic-producing hosts; methods of 
making the polynucleic acids, vectors, plasmids, prepeptides and 
biologically active peptides; and methods of using the same* 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 shows the structures of nisin and subtilin, as 
determined by Gross and co-workers (37-39); the unusual amino 
acids Aba (aminobutyric acid) , Dha (dehydroalanine) , Dhb 
(dehydrobutyrine or 0-methyldehydroalanine) , Ala-S-AIa 
(lanthionine) and Aba-S-Ala (£-methyllanthionine) were introduced 
by post-translational modifications as described hereinbelow; 

Figure 2 shows a strategy for construction of nisin-subtilin 
chimeras ; 

Figure 3 is an HPLC chromatogram of the Nis l _ 11 -Sub 12 _ 32 
chimera constructed as shown in Figure 2; 

Figure 4 shows the resolution of the Nis 1 . 11 -Sub 12 . 32 chimera 
into two forms on the HPLC column (inset), resulting in the 
appearance of a new peak; the Nis 1 . ll -Sub 12 . 32 chimera was 
constructed as shown in Figure 2 and expressed and isolated as 
described below except that the cells were grown for a longer 
time (into the stationary phase); 
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Figure 5 shows the NMR and mass spectra of the Early Peak 
and Late Peak, as defined in the HPLC elution profiles in Figure 
4; 

Figure 6 shows the NMR spectra of the Nis l _ 11 -Sub, 2 _ 32 chimera 
during the course of a 72-day incubation, demonstrating the 
stability of the chimera; and 

Figure 7 shows HPLC profiles and mass spectra of the Sub a _ xl " 
Nis 12 _ 34 chimera. 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention explores the contribution of the 
structural region and its relationship to the leader region by 
the construction and expression of nisin-subtilin chimeras which 
contain chimeric nisin-subtilin structural regions fused to the 
subtilin leader region. The present inventors have discovered 
that chimeras in which the C-terminal portion of the structural 
region correspond to subtilin are processed correctly and give 
active products, whereas those in which the c-terminal portion of 
the structural region corresponds to nisin produces a 
heterogeneous mixture of products , most of which, but not all, 
are inactive. 

The phrase "polynucleic acid" refers to RNA or DNA, as well 
as mRNA and cDNA corresponding to or complementary to the RNA or 
DNA isolated from a lantibiotic-producing host. The term "gene" 
refers to a polynucleic acid which encodes a peptide, prepeptide, 
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protein or marker, or to a vector or plasmid containing such a 
polynucleic acid. 

In the present application, a^^^i^^a^) refers to a peptide 
or protein in which the amino acid sequence is taken in part from 
a first peptide or protein ,_and in part from a second, distinct 
protein or peptide. A ".^a^gene or peptide refers to a gene 
or peptide having a sequence which differs from the corresponding 
naturally-occurring sequence in that one or more bases or 
residues are deleted, substituted or added at any position 
therein, including either terminus. 

In the present application, the following formulaic 
indicators have the following meanings: 

S L : the subtilin leader sequence 

S LU . y) : the subtilin leader sequence from position x 
to position y 

N L : the nisin leader sequence 

N L(x . y> : the nisin leader sequence from position x to 
position y 

Sub x . y : the sequence of the subtilin peptide from 
position x to position y 

Nis x . y : the sequence ^of the nisin peptide from 
position x to position y 

In the context of the present application, the chimera 
"Nis^Subc is the same as the chimera f, Nis 1 . 11 Sub I2 . 32 " since the 
amino acids at positions 5-11 of both nisin and subtilin are 
identical. Thus, for example, "Nis^Sube^" is the same as each 
of NiSi.4Sub5.32 and NiSi^iSub.2.32. 
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The "lantibiotic processing machinery" refers to the 
metabolic events occurring in a lantibiotic-producing 
microorganism which result in processing and formation of the 
lantibiotic. For example, the "subtilin processing machinery" 
and the "nisin processing machinery" refer to those metabolic 
processes and events occurring, respectively, in a subtilin- 
producing microorganism which result in the processing and/or 
formation of subtilin, and in a nisin-producing microorganism 
which result in the processing and/or formation of nisin. 

Naturally-occurring nisin and subtilin, leader sequences and 
genes encoding the same are disclosed in U.S. application Serial 
No* 07/214,959, now U.S. Patent No. 5,218,101, incorporated 
herein by reference in its entirety. Subtilin mutants and 
methods of producing and using the same are described in U*S. 
application Serial Nos. 07/981,525 and 08/220,033, each of which 
is incorporated herein by reference in their entireties. 



In the present application, ^biological activity^' preferably 



refers to activity against Bacillus cereus spores and/or 
vegetative cells. Preferably, biological activity against 
Bacillus cereus spores is measured using the "halo assay" 



using the liquid culture assay described in the experimental 
section hereunder. 

The present invention concerns polynucleic acids which 
encode a chimeric or mutant lantibiotic of the formula: 




described in the experimental section hereunder, and biological 
activity against Bacillus cereus vegetative cells is measured 
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( leader) - ( lantibiotic) 

where the leader is selected from the group consisting of the 
subtilin leader sequence, the nisin leader sequence, and chimeras 
of said subtilin leader sequence and said nisin leader sequence 
which permit production of an active lantibiotic in a 
lantibiotic-producing host, and 

the lantibiotic is a mutant or chimeric lantibiotic, 
preferably of subtilin and/ or nisin; 

subject to the proviso that when the lantibiotic is a mutant 
subtilin in which the 4 -position of native subtilin as shown in 
Figure 1 is substituted with isoleucine and in which the 5- 
position may be substituted with alanine, the leader is not the 
subtilin leader sequence* 

The present polynucleic acid may encode a chimeric leader 
sequence of the formula: 

Sui-x>~N U (x*ll _ 2J) 

or 

where x is a number of from 1 to 22 , selected such that the 
lantibiotic processing machinery of a lantibiotic-producing host 
transformed with the present gene produces either a biologically 
active lantibiotic or a prepeptide which can be converted to a 
biologically active lantibiotic using the lantibiotic processing 
machinery of an appropriate lantibiotic-producing host. (When x 



WO 97/1 1713 



PCT/US96/15160 



-11- 

is 1, "1-x" becomes l f and when x is 22, n [x+l]-23" becomes 23.) 
When a chimeric leader is used, x is preferably from 5-18, more 
preferably from 6-15, and most preferably, the chimeric leader is 

However, the present polynucleic acid preferably encodes a 
naturally-occurring lantibiotic leader sequence , such as S L or 

Preferably, the lantibiotic-producing host transformed with 
the present polynucleic acid is a subtilin-producing host or a 
nis in-producing host. More preferably, the subtilin-producing 
host is a strain of Bacillus subtilis, such as B . sixbtills 6633 
or ^B . j suJbtilis 168^and the nis in-producing host is a strain of 
Lactobacillus lactis, such as L. lactis 11454. Most preferably, 
when a subtilin-producing host is used to produce or express the 
present peptide or prepeptide, the polynucleic acid encodes 
either the S L leader sequence or a S La _ x) -M Lllx+il . 23) chimeric 
sequence where x is 7, and when a nisin-producing host is used to 
produce or express the present peptide or prepeptide, the 
polynucleic acid encodes the N L leader sequence. 

Preferably, the lantibiotic encoded by the present gene and 
processed by a lantibiotic-producing host is one of the formula: 



Xaa-Xaa-Ala-Xaa-Xaa-Leu-Ala-Aba-Pro-Gly-Ala-Xaa-Z, 

I S 1 



where Xaa is any amino acid, including a dehydro amino acid 
residue or one of the two residues of a lanthio amino acid as 
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defined herein, and Z is either Nis 13 _ 34 or Sub 13 _ 32 , with the 
proviso that when Z is Sub u-3a , then, simultaneously, the l- 
position is not Trp, the 2 -position is not Lys, the 4 -position 
position is not lie, and the 5-position is not Dha or Ala. 

Preferred residues at the l -position include Trp and lie; at 
the 2-position include Lys and Dhb; at the 4 -position include 
lie; at the 5-position include Dha and Ala; and at the 12- 
position include Val and Lys; and conservatively substituted 
forms thereof. An amino acid residue in a protein, polypeptide, 
or prepeptide is conservatively substituted if it is replaced 
with a member of its polarity group as defined below: 

Basic amino acids : 

lysine (Lys) , arginine (Arg) , histidine (His) 

Acidic amino acids : 

aspartic acid (Asp) , glutamic acid (Glu) , asparagine 
(Asn) , glut amine (Gin) 

Hydrophilic. nonionic amino acids : 

serine (Ser) , threonine (Thr) , cysteine (Cys) , 
asparagine (Asn) , glutamine (Gin) 

Sulfur-containin g amy-i o acids : 

cysteine (Cys) , methionine (Met) 
Aromatic amino acids : 

phenylalanine (Phe) , tyrosine (Tyr) , tryptophan (Trp) 

Hydrophobic, nonaromatic amino acids : 

glycine (Gly) f alanine (Ala) , valine (Val) , leucine 
(Leu) , isoleucine (lie) , proline (Pro) 
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Dehvdro amino acids : 

dehydroalanine (Dha) , dehydrobutyrine (Dhb) 

Lanthio amino acids : 

lanthionine (Ala-S-Ala) , 0-methyllanthionine (Aba-S- 
Ala) , /?,/?'-dimethyllanthionine (Aba-S-Aba) 

Particularly preferred residues at the 1-position include 
Trp and lie; at the 2 -position include Lys and Dhb; at the 4- 
position include lie; at the 5-position include Dha; and at the 
12-position include Val and Lys. 

Based on the experimental results described herein, it is 
expected that any amino acid can exist at positions 1, 2, 4 and 
12 of the mature lantibiotic, and a biologically active peptide 
can be produced* The procedures described herein easily enable 
one to produce any such mutant or chimeric peptide, then test its 
biological activity against B. cereus spores and/ or cells. As 
one can easily tell in comparing the sequences of mature nisin 
and mature subtilin, the differences at positions l f 2, 4 and 12 
are a result of non-conservative substitutions. Thus, it appears 
that the specific identities of the residues in the native 
proteins may not be essential to maintaining a high degree of 
biological activity, and any amino acid residue at any one of 
these positions, particularly where the activity is the same as 
or equal to that of subtilin or nisin f is expected to be 
producible and useful. (Naturally-occurring nisin and subtilin, 
and polynucleic acids encoding the same, are excluded from the 
scope of the present invention.) 
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The present invention also concerns an expression vector, 
plasmid and transformant comprising the present polynucleic acid. 
In preferred embodiments, the expression vector is one in which 
the present polynucleic acid is inserted into the BstEII-BstEII 
site of the plasmid pSMcat (deposited under the terms of the 
Budapest Treaty at the American Type Culture Collection, 
Rockville, Maryland 20852, U.S.A. , under Designation No. 75914; 
also see Serial No. 07/981,525) or the Spel-BstEII site of pACcat 
(see the description below) . 

The present invention also concerns a method of producing a 
polynucleotide encoding a mutant or chimeric lantibiotic 
prepeptide, comprising (A) replacing a native gene encoding a 
lantibiotic with a gene consisting essentially of a selective 
marker, such that a lantibiotic-producing host in which the 
native lantibiotic gene is replaced is unable to produce the 
lantibiotic (as determined by a halo or liquid culture assay) , 
and (B) subsequently replacing the selective marker with a 
polynucleic acid encoding the mutant or chimeric lantibiotic. 
The polynucleotide encoding a mutant or chimeric lantibiotic 
prepeptide may be in the form of a vector or plasmid, which may 
have appropriate sequences and an appropriate construction to 
express the mutant or chimeric peptide or prepeptide. 

When a suitable lantibiotic-producing host is transformed 
with the polynucleotide encoding the mutant or chimeric 
lantibiotic prepeptide, only the mutant or chimeric lantibiotic 
is produced in significant amounts by the transformant. 
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Some or all mutant or chimeric lantibiotics produced by such 
transformants are expected to exhibit biological activity. The 
mutant or chimeric lantibiotic produced by the present method 
preferably has a biological activity (as defined above) equal to 
or greater than that of nisin, more preferably, at least twice 
that of nisin, and may even have a biological activity of from 4 
times to 35 times that of nisin (see the experimental section 
below) . The mutant or chimeric lantibiotics produced by such 
transformants may also exhibit improved chemical stability, as 
measured by the disappearance of the signals of the vinylic 
protons of the dehydro residues in L H NMR spectra as a function 
of time. Preferably, the mutant or chimeric lantibiotics 
produced by the present method and/or transformants exhibit a 
half -life of at least 48 days, more preferably at least 72 days, 
and most preferably, a half -life which cannot be determined by X H 
NMR spectroscopy after 72 days incubation in the dark in aqueous 
solution. 

The present method of producing a mutant or chimeric 
lantibiotic also involves the step of culturing a lantibiotic- 
producing host transformed with the present polynucleic acid, 
vector or plasmid in a suitable medium, and recovering the 
lantibiotic from the culture medium. Culturing is generally 
performed for a length of time sufficient for the transformant to 
produce, process and/or secrete the mutant or chimeric peptide. 
A "suitable" medium is one in which the lantibiotic-producing 
microorganism grows and produces the lantibiotic peptide or 
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prepeptide. This method may also include the step of rupturing 
or lysing the transformed cells prior to recovering the 
lantibiotic. Alternatively, the cells of the transformed host 
may be recovered and recultured. 

Continuous processes for producing the present lantibiotic 
are also envisioned, comprising the additional steps of 
withdrawing the culture medium continuously or intermittently, 
separating the transformant from the withdrawn culture medium, 
recirculating the separated transformant to the culture vessel, 
and recovering the lantibiotic from the withdrawn culture medium 
from which the transformant has been separated. 

The present invention also concerns a method of treating, 
killing or inhibiting the growth of microorganisms and/ or spores 
thereof, comprising contacting a microorganism, spore thereof or 

a medium subject to infection or infestation by said 

microorganism or spore f with an effective amount or concentration 
of the present lantibiotic mutant or chimera. In this context, 
microorganisms and /or spores to be treated by this method are 
those which cure killed or whose growth is inhibited by a 
lantibiotic . An "effective amount or concentration" refers to an 
amount or concentration which kills or inhibits the growth of the 
microorganism or spore. 

Any use for which nisin, subtilin or other known 
lantibiotics are used are also envisioned for the present 
lantibiotic. For example, a medium which can be treated by this 
method may be a food product or a substance which is used in 
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making food products. Furthermore, the medium may be an inert 
carrier, and such a composition may be used in a conventional 
manner as a bacteriocide . 

Other features of the invention will become apparent in the 
course of the following descriptions of exemplary embodiments 
which are given for illustration of the invention and are not 
intended to be limiting thereof. 

EXAMPLES 

Bacterial strains, cloning vectors, and mutagenesis* 

Bacillus subtilis 168 strains and cloning vectors used were 
LHerazAS (deposited under the terms of the Budapest Treaty at the 
American Type Culture Collection, Rockville, Maryland 20852, 
U.S.A. , under the ATCC Designation No. 55625; see also U.S. 
application No. 07/981,525 and ref. 21), pTZ19U (Life 
Technologies, Gaithersberg MD) , pSMcat (see U.S. application No. 
07/981,525 and ref. 21), and pACcat (this work). Structural 
mutants of subtilin were constructed and expressed using the 
cassette mutagenesis system previously described in U.S. 
application No. 07/981,525 (also see ref. 21). Cloning vector 
pACcat was constructed by replacing the upstream BstEII site in 
the plasmid pSMcat with an Spel site by mutagenesis, thus making 
the downstream BstEII site a unique site. 

Synthetic oligonucleotides were annealed, filled in using 
Klenow fragment, restricted with EcoRI and Hindlll and cloned 
into the EcoRI-Hindlll site of pTZ19U. The cloned fragment, 
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which contained the mutation, was cut out with appropriate 
restriction enzymes and cloned into the corresponding site of the 
pSMcat vector or the pACcat vector- The mutated sequence was 
confirmed by sequence analysis of the cloned insert using the 
SEQUENASE version 2.0 sequencing kit from United States 
Biochemicals (Cleveland, OH). This mutant gene was introduced 
into the chromosome of LHermAS (from which the natural subtilin 
gene had been deleted) by transformation and Campbell-type 
integration using selection on chloramphenicol plates (21). 

culture conditions and purification of chimeric peptides. 
Strains producing the mutant peptides were grown in Medium A (21, 
25) , modified to contain 2% sucrose and 10 jig/mL chloramphenicol . 
The culture was incubated with vigorous aeration for 25-35 hr at 
35°C, acidified to pH 2.5 with phosphoric acid and heated to 
121°C for 3 min to inactivate proteases. A 0.5 part by volume of 
n-butanol (relative to 1 part by volume of culture) was added. 
The mixture was stirred at 4°c for 2 h, allowed to stand at 4°C 
for 2 h, and centrifuged. Acetone (2.5 parts by volume, relative 
to 1 part by volume of the mixture) was added to the supernatant , 
and the resultant mixture allowed to stand at -20°C for 16 h, and 
centrifuged. The pellet was lyophilized and resuspended in 20% 
acetonitrile with 0.05% trif luoroacetic acid. This suspension 
was immediately purified on a C-18 reverse-phase-HPLC column 
using a trif luoroacetic acid (0.05%) -water-acetonitrile gradient 
in which the acetonitrile varied from 0 to 100% over 3 0 min at a 
rate of 1.2 mL/min, unless indicated otherwise. 
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NMR and mass spectral analyses. Samples for a H NMR spectral 
analysis were dissolved in deuterated water (99.96 atom% D, 
Aldrich Chemical Co.), lyophilized (repeated twice) to exchange 
protons and dissolved in D 2 0 to a final concentration of 2-3 
5 mg/mL. X H NMR spectra were obtained using a Bruker AMX-500 

spectrometer interfaced to an Aspect 3000 computer. Spectra were 
obtained at a constant temperature of 295 K, using selective 
solvent suppression. Data were processed using UXNMR software. 
Mass spectral analysis was performed by PeptidoGenic Research & 

10 Co. (Livermore, California) on a Sciex API I Electrospray Mass 

Spectrometer which has an analysis range of over 200 , 000 Da with 
+/- 0.01% accuracy, on 5 /iL samples at a concentration of about 5 
pmol/AiL* 'The reported masses are those calculated as the most 
probable values based on the different m/z forms. 

15 Measurement of biological activity. Biological activity was 

measured using an inhibition zone (halo) assay (ref . 21 and U.S. 
application Serial No. 07/981,525) and a liquid culture assay 
(26) . HPLC fractions were tested for activity by spotting 15 jiL 
onto an agar plate (modified Medium A) , incubating at 37 °C for 15 

20 min. , spraying with JB. cereus T spores and incubating at 37 °C for 
16 hr. Positive inhibition is defined as and was determined by a 
clear zone containing spores that were inhibited during outgrowth 
surrounded by an opaque lawn of cells derived from the spores 
that had become vegetative. 

25 In the liquid culture assay, various concentrations of 

peptide were added to a suspension of B- ceireus T spores in 
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modified medium A and incubated in a rotating drum shaker at 30°C 
for 90 min. The inhibitory effects were evaluated using phase 
contrast microscopy and a Klett-Summerson colorimeter. After 
incubation, cells were viewed by phase-contrast microscopy to 
determine their stage of outgrowth. Those cells in early stages 
of outgrowth (phase-dark and swollen, but only slightly 
elongated) were considered inhibited. Those cells that were 
fully elongated and/or divided were considered to be not 
inhibited. The inhibitory concentration is the concentration of 
peptide which arrests a majority of the population of spores at 
the stage of early outgrowth after the 90-min incubation period. 
Further, spore germination and outgrowth are accompanied by known 
changes in the optical density at 650 nm. Thus, the stage of 
outgrowth can be monitored and the inhibitory concentration can 
be confirmed using a Klett-Summerson colorimeter. Definitive 
determinations of the inhibitory concentration of peptide 
advantageously employ both phase-contrast microscopy and 
measurement of the optical density at 650 nm. 

Relative amounts of peptide were also estimated by 
integration of peak areas (measured at 214 nm) of the HPLC 
profiles, using nisin as a standard. It was assumed that the 
extinction coefficients of the mutant peptides are the same as 
nisin at this wavelength. 

The activity of the chimeric Nis^-Sub^.^ peptide towards 
inhibiting £ . cereus vegetative cells was also determined. Heat- 
shocked B. cereus T spores (150 micrograms) were added to 1% 
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tryptone (Difco)-O.l M Tris-phosphate buffer (2 ml) at pH 6.8. 
The mixture was incubated for 2 hours at 37° C in a rotating drum 
shaker, whereupon all of the spores were in the vegetative state. 
The chimeric peptide was then added , and incubation was continued 
for one additional hour. Cell lysis was monitored by turbity 
(measured in Klett units) , and the integrity of the cell was 
determined by phase-contrast microscopy. Relative inhibitory 
effectiveness was measured as the amount of inhibitory peptide 
required to reduce the turbity by 50%. 

SDS— PAGE analysis. The sizes of the peptides were estimated 
using TRICINE-sodium dodecylsulf ate polyacrylamide gel 
electrophoresis, designed for proteins in the range of from 1 to 
100 kD (27) , using a 4% stacking gel, a 10% spacer gel, and a 
16.5% separating gel. Gels were silver-stained using KIT #161- 
0443 from Bio-Rad (Richmond, California) according to 
manufacturer ' s instructions . 

RESULTS 

Inspection of the structures of nisin and subtilin (shown in 
Figure 1) reveals that the number and locations of the thioether 
rings and Dha residues are conserved. Each peptide has one Dhb 
residue, but its position is not conserved. The N-terminal 
region is relatively conserved, except for 3 nonconservative 
differences out of the first 11 residues. Nisin has isoleucine 
at position l, whereas subtilin has a bulky aromatic tryptophan, 
subtilin has a positively-charged lysine at position 2 , whereas 
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nisin has an unusual Dhb residue. Finally, subtilin has a 
negatively-charged glutamate at position 4, whereas nisin has a 
neutral aliphatic isoleucine. 

In previous work, the Glu 4 of subtilin was changed to the 
lie, of nisin, and a mutant with enhanced chemical stability and 
activity was obtained (ref • 21 and U.S. application Serial No. 
07/981,525). The present invention evolved from changing the 
other two residues at positions l and 2 to give a subtilin analog 
with a nisin-like N-terminus. This analog would have only 
hydrophobic residues at the N-terminus, as well as a fourth 
dehydro residue at a location that is unfamiliar to the subtilin 
processing machinery of B. suJbtiiis. If the subtilin-producing 
organism is unable to process such a mutant protein/ gene 
properly, the entire processing pathway could abort. Since the 
subtilin machinery of B . suJbtilis cannot process the S li -Nis 1 _ 34 
prepeptide to an active product (22), it is difficult to predict 
how the subtilin processing machinery would handle the SL-Nis^j- 
Sub u _ 33 prepeptide. 

Construction and expression of the Nis 1 _ 11 -Bub X2 _ ia chimera. 
Using the mutagenesis strategy shown in Figure 2, residues 1, 2, 
and 4 in the subtilin structural region were changed to those of 
nisin. A mutagenesis was performed in the plasmid pSMcat, a 
cassette-mutagenesis plasmid that contains a copy of the subtilin 
structural gene upstream from a cat gene (U.S. application Serial 
No. 07/981,525 and ref. 21). When this plasmid is transformed 
into the B. subtilis 168 host LHermAS and selected on 
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chloramphenicol , the subtilin gene is integrated into the 
chromosomal subtilin (spa) operon (U.S. application Serial No. 
07/981,525 and ref . 21) at the site from which the natural 
subtilin gene has been deleted. The sequence of the Nis^-Sub^, 
J2 chimera and the nucleotide sequence that encodes it is shown 
(top) , in which the 32-residue mature Nis 1 . 11 -Sub 12 _ 32 sequence is 
numbered. Immediately below are the mutagenic oligonucleotides 
used to construct this sequence. The sequence of the Sub,..,- 
Nis 12 . 34 chimera and the oligonucleotides used to produce it are 
shown at the bottom. 

The NiSi.xi-Subu.jj chimeric gene was integrated into the 
chromosome of Bo subtills LHermaS as described above and cultured 
as described above. The expressed polypeptide products were 
isolated from the extracellular fluid and subjected to HPLC 
chromatography. Samples were collected at 1-min intervals and 
assayed for activity using the halo assay described herein. 
Figure 3 shows the HPLC elution profile of the peptides isolated 
from cells in early stationary phase. A single large peak 
emerged from the column p and it possessed antimicrobial activity. 
Electrophoresis on TRICINE (polyacrylamide) -SDS gels and silver- 
staining showed a single major band with a relative molecular 
mass between 3,000 and 3 f 200, consistent with the predicted 
molecular weight of the Nis^^-Sub^.jj chimera. 

The major peak contained the only activity. In Figure 3, 
the stained gel is shown in a panel beside the peak (sample, left 
lane; size standard, right lane). Standards shown in the stained 
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gel are 2.5 kD myoglobin fragment (F3) ; 6.2 kD myoglobin fragment 
(F2) ; and the 8,1 kD myoglobin fragment (Fl) . The expected mass 
of the NiSi.ii-Sub^.aa chimera is 3186 Da, which is consistent with 
the position of the band in the sample lane. 

Appearance of a succinylated form of the Nis^i-Sub^^ 
chimera during late growth stages, as determined by proton HMR 
and mass spectral analysis. In an attempt to attain a higher 
yield of material, the culture was allowed to incubate into late 
stationary phase, whereupon the HPLC column profile showed two 
peaks, one being the original peak, with a second peak trailing 
slightly behind (inset, Figure 4). Hereafter, the first peak is 
called the "Early Peak," and the second peak is called the "Late 
Peak." The two peaks ("Early Peak and "Late Peak") were 
collected separately and subjected to NMR spectroscopy as shown 
in Figure 5. The spectra show that the Late Peak is contaminated 
by the Early Peak. Using the 0-100% acetonitrile gradient 
described above, these peaks were separated by only 1 min. 
Consequently, the two expressed forms of the chimera were 
chromatographed using a shallower gradient (35-60% acetonitrile 
over 45 min; center, Figure 4), whereupon the Early Peak and Late 
Peak were separated by 4 min. Further experiments were performed 
using the more purified material. 

The results of halo assays are shown above the center HPLC 
profile, with arrows indicating the positions in the profile from 
which the samples used for halo assays had been derived. The 
antimicrobial activity is associated mainly with the Early Peak. 
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The halo assays in Figure 4 do not detect any activity in the 
Late Peak, but when higher concentrations were tested, its 
activity was found to be about 10-fold lower than the Early Peak 
(data not shown). This is reminiscent of the observation that B . 
subtllls 6633 (the natural producer of subtilin) and LH45 (a 
subtilin-producing derivative of B. subtilis 168) produce two 
forms of subtilin (28) . When B. subtilis 6633 is incubated into 
late stationary phase, there is an accumulation of subtilin that 
has been succinylated at its N-terminus (29) . The succinylated 
subtilin is significantly less active than the normal 
unsuccinylated subtilin. 

The Late Peak was therefore suspected to be the succinylated 
form of the Early Peak. This was confirmed by mass spectral 
analysis (Figure 5) , showing that the Early Peak consists mainly 
of a species with an Mr = 3185.98 (panel A), which conforms 
exactly to the calculated mass of 3185.98 Da expected for the 
mature Nis 1 . xl -Sub 12 . 32 chimera. The Late Peak gave a mass of 
3286.78 Da (panel B) , which is consistent with a calculated mass 
of 3286.78 Da, corresponding exactly to the 100 Da increase 
expected from addition of a succinyl group to the mature Nis^^- 
Sub 12 _ i2 chimera. 

In order for these expected masses to occur, it is necessary 
for the chimeric prepeptides to have undergone the full panoply 
of post-translational modifications in which 8 serines and 
threonines are dehydrated, 5 thioether cross linkages are formed, 
and the leader region is cleaved at the proper residue. The NMR 
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spectrum of a mixture of the Early Peak and Late Peak is shown in 
panel C. Resonances shifted by the presence of the succinyl 
group are identified by asterisks (Dhb.*, Dha 5 *) . 

The NMR spectra of the Early Peak (panel D) and of the 
mixture (panel C) of the Early and Late Peaks show resonances 
that correspond to the Dhb 2 and Dha 5 resonances contributed by 
the nisin part of the molecule and to the Dhb 1Q and Dha 31 residues 
contributed by the subtilin portion of the molecule. 
Identification of the Dhb 2 , Dha 5 , Dhb 13/ and Dha 31 peaks was by 
correlation with NMR spectra obtained previously for nisin (33) 
and subtilin (U.S. application Serial No. 07/981,525 and ref. 
21). 

Succinylation of subtilin has been shown to cause a shift in 
the resonance of the Dha 5 residue (29) , attributable to a change 
in the chemical environment of Dha 5 caused by the presence, of the 
N-terminal succinyl group. Since the Dhb 2 residue in the 
succinylated chimera is even closer to the succinyl group, a 
shift in its resonance would be expected. The spectrum shown in 
panel c, which includes resonances of the succinylated chimera, 
confirms these expectations, and shows a shifted resonance for 
Dha 5 (labeled as Dha 5 *) , and for Dhb 2 (labeled as Dhb,*) . 
Succinylation of the Nis 1 . li -Sub 12 . 32 chimera in the same manner as 
subtilin also means that the cell treats the chimera in a 
completely normal way, and that the succinylation system must be 
able to tolerate the differences in the N-terminal end of the 
chimera. Consequently, it appears that at least the 5 N-terminal 
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residues of the mature, processed peptide are not critical for 
recognition by the processing machinery. 

The biological activity of the Mis 1 . ll -fiub ia . 3a chimera. Nisin 
and subtilin can inhibit spore-forming food-spoilage bacteria 
5 from undergoing outgrowth from spores to the vegetative state, as 
well as inhibit cells that are in the vegetative state (30) . The 
mechanism of inhibition of these types of cells is different, as 
it has been shown that the Dha £ residue is critical for subtilin 
to inhibit spore outgrowth, but not for subtilin to inhibit 

10 vegetative cells (31) . 

The activity of the two purif ied forms of Nis^^-sub^^ were 
therefore measured against outgrowing spores and vegetative 
cells, and compared to nisin. Since the activities of subtilin 
and E4I-subtilin have previously been compared to nisin (21) , the 

15 relative activities among all these forms can be inferred in 
terms of relative nisin units. The activity of Nis- 1 . 11 Sub 12 . 32 
against spore outgrowth was estimated by the halo assay and the 
liquid assays, and against vegetative cells by the liquid assay. 
The Nis 1 _ lx -Sub 12 . 21 chimera was active against both spore 

20 outgrowth and vegetative growth. The specific activities of the 
chimera and nisin were so similar that they could not be 
distinguished in either their ability to inhibit spore outgrowth 
or to inhibit vegetative cells (data not shown) . Accordingly, 
one sees inhibition of spore outgrowth at about 0,2 fig /ml, and 

25 against vegetative cells at about 2 jig/ml, with both the chimera 
and nisin- Based on previous measurements (21, 26, 31), this 
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means that the Nis 1 . 11 -Sub, 2 . 32 chimera is about 2-fold more active 
than E4I-subtilin f and about 6-8 times more active than natural 
subtilin. 

Stability of the dehydro residues in the Nis^^-Sub^.^ 
chimera during incubation in aqueous solution. The chemical and 
biological instability of subtilin have been correlated with the 
tendency of residue Dha s to spontaneously undergo chemical 
modification which results in disappearance of the Dha s peak in 
the NMR spectrum, and loss of activity against spores (21, 28, 
32) . This instability of residue Dha 5 has been attributed to the 
participation of the carboxyl group of the Glu 4 residue of 
subtilin in the modification process. Accordingly, changing Glu 4 
to Ile 4 (E4I-subtilin) dramatically enhances the chemical 
stability of the Dha 5 residue (U.S. application Serial No. 
07/981,525 and ref. 21), with the chemical half-life of the Dha s 
residue increasing nearly 60-fold, from less than a day to 48 
days. Since the Mis 1 . 11 -Sub 12 . 32 chimera has additional changes in 
the vicinity of the Dha s residue, the chemical stability of the 
dehydro residues was examined by taking the NMR spectrum of a 
sample that was incubated in aqueous solution for an extended 
period of time. 

A 3 mg amount of the Nis 1 . 11 -Sub 12-32 chimera (consisting of a 
mixture of the Early Peak and Late Peak as defined in Figures 4 
and 5) was dissolved in D 2 Q at a pH of 6.0, placed in an NMR tube 
(which was then closed) , and incubated in aqueous solution in the 
dark at room temperature for 2.5 months. The NMR spectrum of 
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this sample was determined after 0, 34, and 72 days, with the 
results shown in Figure 6. The NMR spectrum of the Nis l _ 1I -Sub 12 . 32 
chimera shows the expected resonances of Dhb 2 , Dhb 2 *, Dha 5/ Dha 5 * f 
Dhb er and Dha 31 . There was no significant change in the 
resonances of the dehydro residues during the course of the 72- 
day incubation period. 

The slight differences that are seen are readily 
attributable to variations introduced during baseline correction 
during computations with the spectral data. In contrast to the 
0.8-day half -life of the Dha 5 residue in natural subtilin and its 
48-day half -life in E4I-subtilin, the half-life of the Dha 5 
residue in the His 1 . 11 Sub X2 . 32 chimera is so long that it cannot be 
estimated from the 72-day time-point. Longer incubation times 
were not performed. Therefore, the dehydro residues in the Nis,. 
n-Sub 12 _ 32 chimera are extremely stable. 

These results demonstrate that the Dha s residue is subject 
to profound changes in its chemical reactivity, ranging from the 
most reactive state observed in natural subtilin to the least 
reactive state observed in the Nis^-Sub^.^ chimera, E4I- 
subtilin having an intermediate state of reactivity* Somewhat 
surprisingly, the biological activity displayed by these 
structural variants varies inversely with the reactivity, with 
the unstable and highly reactive subtilin having the lowest 
biological activity, and the highly stable Nis 1 . 11 -Sub 12 _ 32 chimera 
displaying the greatest biological activity. The fact that the 
chemical reactivity of Dha 5 varies inversely with biological 
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activity argues that role of the Dha 5 residue in the 
antimicrobial mechanism is not related to its chemical reactivity 
in a simple fashion, and that other factors, such as the 
specificity imposed by the peptide sequence surrounding the 
dehydro residue, may also be important. 

Properties of the Sub 1 . 11 -Nis ia _ 34 "Reverse Chimera". An 
important feature of the S L -Nis wx -Sub 12 _ 32 chimeric prepeptide is 
that the subtilin processing machinery is able to correctly 
recognize and process it into its corresponding mature form. 
Since the same machinery in B. suJbtilis does not successfully 
process S L -Nis W4 , there could be something in the Nis 12 _ 34 region 
that disturbs the subtilin processing machinery of B. suJbtilis. 
If this is the case, the subtilin processing machinery should not 
be able to correctly process a chimera that contains the Nis 12 _ 34 
region. 

Accordingly, a reverse chimera was constructed (S L -Sub 1 _ 11 - 
Nis 12 . 34 ) , containing a subtilin sequence at the N-terminus of the 
structural region and nisin sequence at the C -terminus. This 
chimera was constructed using the strategy described in Figure 2. 
The synthetic gene containing the "reverse" chimera was 
integrated into the chromosome of LHemiAS and expressed. The 
corresponding polypeptide was recovered from the culture 
supernatant using the butanol -acetone extraction method, and 
further purified by RP-HPLC as shown in Figure 7. 

The HPLC profile of the Sub ilx -Nis 12 . 34 chimera is shown in 
the center of Figure 7. A major peak emerged somewhat earlier 
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than expected for the Sub 1 _ 11 -Mis 12 . 34 chimera, but it was devoid of 
activity. Moreover, mass spectral analysis of the protein 
corresponding this major peak showed an Mr = 3544.47 Da, which is 
about 56 mass units, or 3 water molecules, greater than the 
5 expected 3488 Da. Thus, it could be that three dehydration 

reactions failed to occur in the processing of the prepeptide. 

Following this large peak was a small peak (also shown in 
Figure 7) that showed activity in the halo assay. The amount of 
material in this peak is quite small. Mass spectral analysis 

10 shows the material of the small peak to be very heterogeneous, 
consisting of at least a half-dozen species, none of which have 
the molecular mass expected for the Subi.ii-NiSi2.34 chimera. 
Instead of an expected mass of 3488 Da, values of 3079 (expected 
Mr - 408; 13% of the total amount of peptides identified and 

15 analyzed in the minor peak) , 3193 (Mr - 295? 27%), 3322 (Mr - 
166; 12%), 3437 (Mr - 51; 27%), and 4174 (Mr + 686; 21%) were 
obtained. None of these masses are readily explained in terms of 
simple processing defects, such as the absence of dehydrations to 
give Dha s and Dha 33 (there is no Dhb expected), or the leader 

20 peptide not being cleaved. The small size of several species 
indicates that proteolysis may have occurred. 

The halo assays of samples from the profile are shown at the 
bottom of Figure 7, with the arrows showing the samples which 
were derived from the profile. The only activity in the profile 

25 corresponded to the position of the small peak appearing at 16 

min. The mass spectrum at the left was obtained for the material 
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in the large peak indicated by the arrow. The mass spectrum at 
the right was obtained for the material in the small peak (which 
was active) indicated by the other arrow. 

The active specie (s) from production of the Sub^^-Nis^^ 
chimera in a subtilin-producing microorganism have- not yet been 
conclusively determined. However, the specific activity of 
whatever specie (s) are responsible for the inhibitory activity is 
much higher than nisin itself . 

For example, the total area of the active peak consists of 
no more than 10 fig of peptide, of which 0.13 iiq was used for the 
halo assay shown in Figure 7. This small quantity of peptide 
possesses an activity equivalent to 0.5 fig of nisin (data not 
shown) . If all of the components in the minor peak were equally 
active, they would be about 4-fold (0.5 jig * 0.13) more active 
than nisin. The amount of the various components in the minor 
peak ranges from about 12% to about 27% of the total. If all of 
the activity is due to just one of the components, then the 
active component would be about 15 to 35 times as active as 
nisin, depending on the percentage of active component in the 
minor peak. 

Determining the active species and the activities thereof 
will require that the active component be purified to homogeneity 
and studied further. This can be accomplished by the procedures 
described herein (for example, by HPLC using a shallower 
gradient, as described above for separation of succinylated 
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Nis x . 11 -Sub 12 . 32f and by determining biological activity as 
described above) - Although we do not conclusively know which 
factors contribute to this high activity, the discovery of this 
high activity is completely unexpected, and will lead to the 
design of lantibiotic analogs with superior antimicrobial 
properties . 

DISCUSSION 

The ability to incorporate tlie unusual dehydro and lanthio- 
type amino acids into lantibiotic analogs and non-lantibiotic 
polypeptides depends on the ability of the lantibiotic processing 
machinery to cope with foreign precursor sequences * Our working 
hypothesis is that the leader region is primarily responsible for 
engaging the prepeptide with the processing machinery, and once 
engaged, serines and threonines are dehydrated with little regard 
for the sequence in which they reside. Cysteines then react with 
particular dehydro residues in accordance with the forces of 
folding and conformation that exist within the polypeptide in a 
manner that is reminiscent of the specific selection of 
disulf ide-bond partners in polypeptides such as ribonuclease A 
and insulin (33) . There are now several known instances in which 
pre-lantibiotic peptides undergo processing reactions, but give 
rise to inactive products. These instances are summarized in 
Table l. Examples include the S^-Nis..^ chimera that produces a 
processed (22) but inactive (22, 23) product when expressed in a 
cell that possesses the subtilin machinery, and the present S L - 
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Sub 1 _ il -Nis X2 _ 34 chimera that produces a heterogeneous mixture of 
products that are mainly inactive, although at least one active 
form is produced. 

Although N L -Nis l04 is an authentic lantibiotic precursor, the 
subtilin processing machinery seems incapable of processing it, 
and its gene products have not been detected in B- subtilis (22, 
23)- However, if the subtilin leader is placed in front of the 
nisin structural region to give S L -Nis,_ 34 , a processed, but 
inactive, product is produced by the subtilin machinery of B. 
subtilis (22). Thus, the subtilin leader is competent in 
engaging the B. subtilis processing machinery, but there is 
something about the conformational and folding interactions 
between the leader and structural region in the S L -Nis,_3 4 
construct that causes some of the processing reactions (perhaps 
the "partner" selection in thioether formation) to malfunction. 
The fact that the S M1 . 7 ,-N L ( B . 23l -Mis 1 . 34 construct is processed 
properly to give active nisin (23) argues that critical 
conformational interactions are restored when an appropriate N- 
terminal sequence element from the subtilin leader region is 
combined with a C- terminal sequence element of the nisin leader. 



WO 97/1 1713 



PCIYUS96/15I60 



35 



0) 

to 



a) 



to 

a) <u 

-P Q) > 
<D U -H 
fc-H -P 
04J O 

o am 
to 0) 
a 



(0 


CO 


(A 




a) 


<U 









0) 

JJ 

01 



to 



o n 
to I°XJ 

^ -P 0) 
<q * B 



■P 

a 

CD 



0) Q) 

T3 10 

-P CO 

a o 

<y o 

a m 

<d a 



C 

jc to 

c o to 

(0 £ M 

CO 0) 



CO 


to 


to 


0) 






>! 


>! 


>1 



to 


to 


00 




CD 




>r 




>l 



CD 
T3 

-H 0) 
-P O 

cue 

0) <D 

as 

<u tr 
u a> 
Ou to 



to 



4J L? 4J CO 

3J3H 
10 CO 



05 CQ 



i 



to 



in 
c 



(0 

c 



o 
c 



o 
c 



o 
c 



o 
c 



to 



to 



to 



^ rt ^ 

o in 4J Lj 4J co 
(0 tj. .Q £ x> ^ 

H 10 CO 



2 
l 



O 
C 



to to 
0) a) 



to 

■P 
O 



to 



^2 



to 



to 
i 

to" 



2 
I 

to 



to 



to 
a 



to 


to 


to 


to 


(1) 




<d 




>1 


>l 


>i 





to 



•r-l 

2 



I 



to 



O 



JC 



to 

0) 



O 



JC 



to 



to 



4J CO 

to 



to 



2: 
i 



CO 



-p 
a 



to 



to 

O 

a> 
c 
<u 
D» 
o 
u 



4J> CO 
3 H 

to 



OA 



I 



XX 

to 
i 

CO 





QJ 




rH 




XI 




(0 




O 




*H 


6 


iH 




a 




a 




ID 


«-* 






+j 




0 




c 


* 






to 




c 




<0 




QJ 


CO 


E 


i-i 










« 




c 


(0 






• 


CO 




*M 


o 


Q> 


CM 


a 





WO 97A117I3 



PCT/US96/15160 



-36- 

However, this combination of leader sequence elements must 
be appropriately complemented by the structural region. Whereas 
the S L -Nis 1 . 11 -Sub l2 . 32 construct is processed correctly, the S^-Sub^ 
X1 -Mis 12 _ 34 construct is not. However, it is expected that 
determination of three non-dehydrated serine and/or threonine 
residues in the major product, subject to one or more appropriate 
enzyme (s) of the subtilin processing machinery (e.g., contacted 
with an appropriate subtil in-producing microorganism) may lead to 
production of a biologically active lantibiotic. Moreover, the 
processing reactions for the latter construct when expressed in 
B. suJbtilis give a complex mixture of mainly inactive products. 

Surprisingly, at least one component in this mixture of 
product is active. None of the components of the SL-Subi.^-Nis^.^ 
product mixture had the mass of a correctly-processed product, 
however. Therefore, the activity of the minor product (s) must be 
due to an incorrectly-processed component. Quite surprisingly, 
the specific activity of the active component of the minor 
product (s) was at least 4-fold and as much as 35-fold higher than 
nisin itself. The knowledge about what is responsible for such 
high activity may provide insight about the design of 
lantibiotics which are dramatically more effective than the 
natural forms. 

In conclusion, correct processing of the pre- lantibiotic 
peptide may require specific conformational communication between 
the N-terminal portion of the leader region and the C-terminal 
portion of the structural region of certain constructs. The 
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results herein also provide new insight about the relationship 
between the structure of lantibiotics and their chemical 
properties and biological activity. Subtilin and nisin are 
highly disparate in their chemical stability and specific 
activity, with nisin being superior to subtilin in both 
categories. The Nis 1 _ 11 -Sub 12 . 32 chimera has the superior 
properties of nisin, showing that the three residues that differ 
in the N-terminal regions of nisin and subtilin are primarily 
responsible for the disparity between nisin and subtilin. 

NiSi.x1-Subi2.32 has a very hydrophobic N-terminal region, 
which may facilitate insertion of the lantibiotic into the 
membrane, which is its target of action (26, 34-36)- However, 
another possible explanation for the elevated activity of nisin 
the presence of a second dehydro residue (Dhb) at position 2 in 
the NiSi.ii-Sub^.jj chimera. One might expect that the Dhb 2 would 
have a dramatic effect on the antimicrobial properties of the 
chimera, since it is so close to the critical Dha 5 and might 
cooperate in reacting with its microbial target. However, even 
if Dhb 2 does affect the antimicrobial properties, there may be no 
more than a 2-fold effect. 

This illustrates a frustrating aspect of our knowledge about 
lantibiotics- The ubiquitous occurrence of the unusual residues 
among the many known lantibiotics argues that they are conserved 
because they have important functions. However, except for the 
critical role of Dha 5 in inhibition of spore outgrowth, functions 
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that clearly justify this ubiquitous . occurrence have yet to be 
fully elucidated. 

Obviously, numerous modifications and variations of the 
present invention are possible in light of the above teachings. 
It is therefore to be understood that within the scope of the 
appended claims, the invention may be practiced otherwise than as 
specifically described herein. 
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WHAT IS CLAIMED AS NEW AND DESIRED TO BE SECURED BY LETTERS 
PATENT OF THE UNITED STATES IS: 

1. A polynucleic acid which encodes a chimeric or mutant 
lantibiotic prepeptide of the formula: 

(leader) - (lantibiotic) 

where the leader is selected from the group consisting of a 
subtilin leader sequence, a nisin leader sequence, and chimeras 
of said subtilin leader sequence and said nisin leader sequence 
which permit production of an active lantibiotic in a 
lantibiotic-producing host; and 

the lantibiotic is a mutant or chimeric lantibiotic, 
subject to the proviso that when the lantibiotic is a mutant 
subtilin in which the 4-position of native subtilin is 
substituted with isoleucine and in which the 5-position may be 
substituted with alanine, the leader is not the subtilin leader 
sequence . 

2. The polynucleic acid of Claim 1, wherein said mutant or 
chimeric lantibiotic is selected from the group consisting of 
mutants of subtilin, mutants of nisin and chimeras of subtilin 
and nisin. 

3. The polynucleic acid of Claim 1, wherein said leader 
encodes S L or N L „ 
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4. The polynucleic acid of Claim 1, wherein said leader 
encodes a chimeric leader sequence of the formula: 

or 

where x is a number of from 1 to 22, selected such that the 
lantibiotic processing machinery of a lantibiotic-producing host 
transformed with said polynucleic acid produces either a 
biologically active lantibiotic or a prepeptide which can be 
converted to a biologically active lantibiotic using the 
lantibiotic processing machinery of said lantibiotic-producing 
host. 

5- The polynucleic acid of claim 1, wherein said 
lantibiotic has the formula: 

g j 

Xaa-Xaa-Ala-Xaa-Xaa-Leu-Ala-Aba-Pro-Gly-Ala-Xaa-Z, 

■ s 1 

where Xaa is any amino acid, including a dehydro amino acid 
residue or one of the two residues of a lanthio amino acid, and Z 
is either Nis 13 . 34 or Sub 13 _ 32 , with the proviso that when Z is 
Sub 13 _ 32 , then, simultaneously, the 1 -position is not Trp, the 2- 
position is not Lys, the 4-position position is not lie, and the 
5 -posit ion is not Dha or Ala. 
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6. The polynucleic acid of Claim 5, where Xaa at the 1- 
position is Trp, Phe, Tyr, He, Gly, Ala, Val, Leu or Pro; Xaa at 
the 2-position is Lys, Arg, His, Dhb or Dha; Xaa at the 4- 
position is He, Gly, Ala, Val, Leu or Pro; Xaa at the 5-position 
is Dha, Dhb, lie, Gly, Ala, Val, Leu or Pro; and Xaa at the 12- 
position include Val, He, Gly, Ala, Leu, Pro, Lys, Arg or His. 

7. The polynucleic acid of Claim 5, where Xaa at the Im- 
position is Trp or He; Xaa at the 2-position is Lys or Dhb; Xaa 
at the 4 -position is He; Xaa at the 5-position is Dha; and Xaa 
at the 12 -position is Val or Lys. 

8. An expression vector or plasmid comprising, the 
polynucleic acid of Claim 1. 

9. The expression vector or plasmid of Claim 8, in which 
the polynucleic acid is inserted into the BstEII-BstEII site of 
the plasmid pSMcat or the Spel-BstEII site of the plasmid pACcat. 

10. A method of producing a polynucleotide encoding a 
mutant or chimeric lantibiotic prepeptide, comprising the steps 
of 

(A) replacing a native gene encoding a lantibiotic in 
a plasmid or vector containing said native gene with a gene 
consisting essentially of a selective marker, such that a 
lantibiotic-producing host transformed with the plasmid or vector 
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in which the native lantibiotic gene is replaced is unable to 
produce the lantibiotic (as determined by a halo or liquid 
culture assay) , and 

(B) subsequently replacing the selective marker with a 
polynucleic acid encoding the mutant or chimeric lantibiotic 
prepeptide of Claim 1. 

11. A mutant or chimeric lantibiotic of the formula: 

! s I 

Xaa-Xaa-Ala-Xaa-Xaa-Leu-Ala-Aba-Pro-Gly-Ala-Xaa-Z, 

1 S 1 

where Xaa is any amino acid, including a dehydro amino acid 
residue or one of the two residues of a lanthio amino acid, and Z 
is either Nis 12 , 34 or Sub 12 _ 32 , with the proviso that when Z is 
Sub 12 _ 32 , then f simultaneously, the i-position is not Trp, the 2- 
position is not Lys r the 4-position position is not lie, and the 
5-position is not Dha or Ala. 

12. The mutant or chimeric lantibiotic of Claim 11 , where 
Xaa at the l-position is Trp r Phe r Tyr, He, Gly, Ala, Val, Leu 
or Pro; Xaa at the 2 -position is Lys, Arg, His, Dhb or Dha; Xaa 
at the 4-position is He, Gly, Ala, Val, Leu or Pro; Xaa at the 
5-position is Dha, Dhb, He, Gly, Ala, Val, Leu or Pro; and Xaa 
at the 12-position is Val, He, Gly, Ala, Leu, Pro, Lys, Arg or 
His, subject to said proviso. 



V 



WO 97/11713 



PCT/US96/15160 



-45- 

13. The mutant or chimeric lantibiotic of Claim 11, where 
Xaa at the 1-position is Trp or He; Xaa at the 2 -position is Lys 
or Dhb; Xaa at the 4-position is He; Xaa at the 5-position is 
Dha; and Xaa at the 12 -position is Val or Lys, subject to said 
proviso. 

14. A method of producing a mutant or chimeric lantibiotic 
comprising the steps of: 

(A) culturing a lantibiotic-producing host transformed 
with the polynucleic acid of Claim 1 or an expression vector or 
plasmid comprising said polynucleic acid in a suitable medium, 
and 

(B) recovering the mutant or chimeric lantibiotic from 
the culture medium. 

15 - The method of Claim 14, further comprising the step of 
rupturing or lysing the transformed cells prior to recovering the 
lantibiotic. 

16. The method of Claim 14, further comprising the step of 
recovering the cells of the transformed host. 

17. The method of Claim 14, comprising the additional steps 
of withdrawing the culture medium continuously or intermittently, 
separating the transf ormant from the withdrawn culture medium, 
recirculating the separated transf ormant to the culture vessel, 
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and recovering the lantibiotic from the withdrawn culture medium 
from which the transformant has been separated* 

18.. A mutant or chimeric lantibiotic produced by the method 
of Claim 14 . 

19. The mutant or chimeric lantibiotic of Claim 18, having 
a biological activity equal to or greater than that of nisin. 

20. A method of treating, killing or inhibiting the growth 
of microorganisms and/or spores thereof, comprising contacting a 
microorganism, spore thereof or a medium subject to infection or 
infestation by said microorganism or spore, with an effective 
amount or concentration of the mutant or chimeric lantibiotic of 
Claim 18. 
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NiSj.n-Subtf.32 CHIMERA 
Bst BI Smal 
G ATTCGAAM TCACTCCGCAAATCACTAGTATTTCACTTTGTACACCCGGGTGTGTAACTGGTGCATTG 
AspSerLys 1 1 eThrProGl n 1 1 eThrSerl 1 eSerLeuCysThrProGlyCys Va 1 ThrGl yAl aLeu 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

BstEII 

(^W^TTGCTTCCTTCAAACACTAACTTGTAACTGCAAAATCTCTAAAT AGGTAACCC 
Gl nThrCysPheLeuGl nThrLeuThrCysAsnCysLys IleSerLysTer 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 



MUTAGENIC OLIGONUCLEOTIDES USED TO PRODUCE THE Nis^jj-Sub^^g CHIMERA 
Eco RI Bst BI 
TGMn£AGATJCjGj5fiAATCACTCCGCAAATCACTAGT — > KLENOW 

KLENOW < GGCGmAGTGATCATAAAGTGAMCATGTGMICMCJJCJiAMCCA 

Smal Hindlll 



Subi.n-NiStf.32 CHIMERA 
Bst BI Sma I 

GATTCGAAAATCACTCCGCAATGGAAAAGTGAATCACCTTGTAr. ACf.r.GGGT GTAAAArrfifirGr.rrTf: 
AspSerLys 1 1 eThrProGlnTrpLysSerGl uSerProCysThrProGlyCysLysThrGlyAl aLeu 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

BstEII 

ATGGGnGTMWTGAAMCAGCCACGTGTCAnGTA^ 
MetGlyCysAsnMetLysThrAl aThrCysHi sCysSerlleHi sValSerLysTer 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 



MUTAGENIC OLIGONUCLEOTIDES USED TO PRODUCE THE Subi.n-NiStf.32 CHIMERA 
EcoRI Smal 
G AGAATTCT ATCCCGGGTGTAAAACCGGCGCCCTG 
ATGGGTTGTAACATGAAAACAGCCACGTGTCATTGT — > KLENOW 

KLENOW < CGGTGCACAGTAACATCATAAGTGCATTCGTTTATCCAnGGGG TTCGAAA GTG 

BstEII Hindlll 



FIG. 2 
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